We measured nitrogen (N) transport to and storage in nine lakes linked by the Qu'Appelle River, Saskatchewan, Canada, to quantify the unique effects of N on the eutrophication of phosphorus (P)-replete lakes. Stable isotope content (d 15 N) was measured for dissolved N, periphyton, particulate organic matter (POM), and sediment samples collected at 10 stations along Wascana Creek and the Qu'Appelle River, lotic ecosystems that receive wastewaters from the City of Regina and that drain into Pasqua Lake. Urban effluent (d 15 N ,16 6 2%) enriched dissolved N isotope ratios of river water by up to 15% but was not stored in lotic sediments. Instead, urban N increased d 15 N signatures of lotic periphyton and POM by 10-15% and was transported to Pasqua Lake, where sedimentary d 15 N values increased from ,6.5% during the 19th century to 14.0% by the 1990s. This increase was linearly correlated both to the mass of dissolved N released from Regina (r 2 5 0.84, p , 0.0001) and to a 300% increase in the production of Pasqua Lake (as fossil pigments) since ca. 1880 (r 2 5 0.69, p , 0.0001). Similar isotopic enrichment was recorded in five downstream lakes, but not three reference ecosystems, although the degree of downstream enrichment declined rapidly, mainly as a result of sequestration of urban N in lake sediments. Together, these patterns demonstrate that urban N can directly degrade surface waters of P-sufficient lakes, but that these ecosystems can eliminate urban effects through permanent storage of wastewater N in their sediments.
Eutrophication of surface waters by point and diffuse sources of nutrients remains a potent cause of aquatic ecosystem degradation despite decades of intensive study (Carpenter et al. 1998; Smith 2003) . In general, phosphorus (P) supply is thought to regulate algal production in freshwater lakes (Schindler 1977) , whereas nitrogen (N) supply is the predominant control in many estuaries and shallow marine environments (Vitousek et al. 1997; Rabalais 2002) . However, to date, few studies have investigated the unique effects of N loading on freshwater ecosystems during eutrophication (Kilinc and Moss 2002; James et al. 2003) , despite recognition that many phytoplankton communities can exhibit N limitation (Elser et al. 1990) , particularly if lakes lie in catchments with P-rich soils (e.g., Hall et al. 1999b) . Further, it is increasingly evident that long-term agricultural practices can saturate soils with P (Bennett et al. 1999; Foy et al. 2002) , thereby increasing P export to surface waters (Bennett et al. 2001) and creating conditions in which diffuse and point sources of N degrade water quality (Bunting et al. 2005) . Unfortunately, investigators have rarely quantified the degree to which such P-sufficient lakes are degraded by N, nor the ability of these lakes to sequester or eliminate N (sedimentation, ammonia volatilization, denitrification), thereby reducing environmental effects of N on downstream lakes or estuaries.
Eutrophication arising from N influx may be particularly severe in lakes of the northern Great Plains, sites often characterized by high nutrient content, low N : P ratios, surface blooms of N 2 -fixing cyanobacteria, and periodic fish kills (Hammer 1971; Haertel 1976) . In many cases, supply of P from glacial tills and soils is great (Allan and Kenney 1978; Klassen 1989) , leading to poor predictive relationships between P fluxes and algal abundance (Allan 1980; Campbell and Prepas 1986) . Instead, recent paleoecological evidence suggests that changes in N influx from urban and agricultural sources are correlated with increased lake production and biological change during the 20th century (Hall et al. 1999b; Dixit et al. 2000; Quinlan et al. 2002) . However, because agricultural and urban development has often been simultaneous, such retrospective analyses have been incapable of distinguishing among the effects of diffuse and point sources of N. Fortunately, analysis of stable isotopes can provide a means of differentiating among urban and agricultural sources of N, provided that their isotopic signatures can be distinguished (e.g., Wayland and Hobson 2001; deBruyn et al. 2003; Anderson and Cabana 2005) . Further, when combined with paleolimnological analyses of past lake production, it is possible to quantify how ecosystem production and community composition have varied in response to changes in N loading (e.g., Schindler et al. 2005 ).
Stable isotopes of N have proven particularly valuable in identifying sources and distribution of urban wastewater (e.g., McClelland et al. 1997; Wayland and Hobson 2001) , although the precise isotopic signature of effluent depends on the sewage treatment procedures employed. For example, only large particles and lipids are removed during primary treatment, consequently colloid and total solid concentrations remain high and final effluent is only moderately enriched with 15 N (3-8%) (Heikoop et al. 2000; deBruyn et al. 2003; Gaston and Suthers 2004) . In contrast, secondary (colloid removal, microbial processing) and tertiary (chemical flocculation of P) treatment favors sedimentation, ammonia volatilization, and denitrification in clarifying tanks, processes that both greatly enrich 15 N content of dissolved N and reduce particle and colloid loads. Under these conditions, d 15 N of final effluent can exceed 20% (Bedard-Haughn et al. 2003) . Finally, during biological nutrient removal (BNR) protocols, microbial denitrification can lead to final wastewater d 15 N values greater than 30% (e.g., Savage et al. 2004) . However, because the main mechanisms regulating the degree of 15 N enrichment (NH 3 volatilization, denitrification) can also occur in terrestrial soils, particularly in the presence of manure (e.g., Anderson and Cabana 2005) , and because background d 15 N values vary greatly among recipient ecosystems (Bedard-Haughn et al. 2003) , unambiguous identification of urban N sources is most effective when stable isotopes analyses are conducted at a watershed or landscape level (e.g., McClelland et al. 1997; Steffy and Kilham 2004) .
Here, we directly measured the stable isotope signature of urban effluent at all stages of sewage processing, as well as d 15 N values for dissolved N, periphyton, particulate organic matter (POM), and sediments from lotic ecosystems that delivered wastewaters to lakes. Our main objectives were to quantify how urban N is transported through a chain of nine prairie lakes and to evaluate how this N regulates landscape patterns of algal production. Because algal production in these lakes is known to be regulated by N supply (Hall et al. 1999b) , we hypothesized that water quality degradation would be a linear function of N supplies from cities. Further, because algal sedimentation is known to be the main mechanism removing N from these lakes (Patoine et al. 2006) , we hypothesized that urban effects would decline rapidly because of sequestration of urban N in lake sediments. When combined with paleolimnological reconstructions of lake production using chemically stable fossil pigments (reviewed in Leavitt and Hodgson 2001) , our isotopic analysis sought to demonstrate both that lake eutrophication could arise from N pollution and that such P-sufficient lakes had substantial capabilities to ameliorate degradation of downstream ecosystems, such as has been suggested for wetlands and storm-water retention ponds (e.g., Gerke et al. 2001 ).
Material and methods
Study area-The Qu'Appelle River drains ,52,000 km 2 (50u009251u309N, 101u309-107u109W) of mixed-grass Prairie in southern Saskatchewan, Canada. Over 75% of the drainage area is composed of agricultural fields (wheat, barley, canola), pastures (cattle, swine), or natural mixed grasslands (,12%); the cities of Regina and Moose Jaw are the main urban centers (Fig. 1) . Ten connected water bodies (0.5-552 km 2 ) lie within the central Qu'Appelle catchment, including three headwater reservoirs and seven natural lakes (Table 1) . Reservoirs were created by impoundment of the South Saskatchewan River (1968; Lake Diefenbaker), Wascana Creek (1883, deepened 1931; Wascana Lake), and the outflow of Buffalo Pound Lake (1952) . Under natural conditions, the Qu'Appelle River flows from near Eyebrow Lake, Saskatchewan, through Buffalo Pound Lake, a central chain of four basins (Pasqua, Echo, Mission, Katepwa lakes), and two downstream lakes (Crooked, Round). Water from Last Mountain Lake and the Wascana Lake reservoir flow into the Qu'Appelle River via Last Mountain Creek and Wascana Creek, respectively (Fig. 1 ). Since 1968, flow of the Qu'Appelle River has been supplemented with water from the Lake Diefenbaker. Control structures are used to regulate water levels of most lakes, as well as to supply water to Last Mountain Lake during the spring riverdischarge maximum.
Lakes receiving water from the Qu'Appelle River form a natural gradient of production from mesotrophic Lake Diefenbaker in the west to eutrophic Katepwa and Crooked lakes in the central and eastern reaches (Table 1) . Specifically, limnological monitoring during summers (calendar day of year [DOY], 121-245) during 1994 [DOY], 121-245) during -2004 reveals that mean concentrations of total dissolved phosphorus (P) and chlorophyll a (Chl a) generally increase from west to east, while Secchi-depth transparency and ratios of total dissolved N : P decline in lakes not directly receiving urban wastewaters (Soranno et al. 1999) . Cyanobacteria are present in all Qu'Appelle lakes, with intense surface blooms of colonial and N 2 -fixing taxa during midto late summer (McGowan et al. 2005) . The presence of these algae, combined with declining N : P ratios, results in a strong landscape gradient of biological N 2 fixation, with elevated levels in eastern downstream lakes . Quantification of sedimentary pigments unique to N 2 -fixing cyanobacteria (aphanizophyll) shows that these cyanobacteria are present naturally in Qu'Appelle lakes (Hall et al. 1999b; Dixit et al. 2000) ; however, their importance as an N source increases from West to East and with lake catchment area (Patoine et al. 2006) .
Paleolimnological analysis of fossil diatoms, pigments, and chironomids reveals that urban and agricultural activities have degraded water quality and altered aquatic community composition at several Qu'Appelle sites during the past 125 years despite naturally high lake production (Hall et al. 1999b; Dixit et al. 2000; Quinlan et al. 2002) . For example, comparison of fossil records with centurylong historical time series of climate, land use, and urbanization using variance partitioning analysis demonstrates that 300% increases of algal abundance since ca. 1880 are correlated with N influx from the City of Regina to Pasqua Lake, the first site to regularly receive urban wastewater (Hall et al. 1999b; Dixit et al. 2000) . However, because water quality changes are also influenced by climatic variability, agricultural activities, and lake management strategies, it has proven difficult to identify the unique effects of urban wastes on downstream lakes, or to evaluate how intervening depositional basins might eliminate urban effects by sequestering diffuse and point-source nutrients (cf. Dixit et al. 2000) . Fortunately, recent technological developments have allowed the use of stable isotopes to quantify N inputs from urban wastewaters and therefore identify the timing and extent of their effects on recipient ecosystems (McClelland and Valiela 1998; Voss et al. 2000; Costanzo et al. 2001 ).
Field and laboratory methods-Wastewater samples were collected approximately bimonthly (2001) (2002) from the City of Regina sewage treatment plant (STP) at three points during the treatment process (postprimary, postsecondary, posttertiary) to quantify how N and C isotopic signatures of effluent varied through time and in response to sewage treatment procedures. At the same time, water samples were collected from Wascana Creek at a station immediately downstream of the STP (Sta. 3, Fig. 2 ) to quantify temporal variation in d 15 N of water arising from dilution of effluent by lotic discharge. Finally, whole-water, periphyton, suspended POM, and sediment (bulk matrix) samples were collected biweekly during summer 2002 (DOY 165-248) from 10 locations along Wascana Creek, the Qu'Appelle River and Pasqua Lake to quantify spatial patterns of N isotope distribution and transportation of urban N to downstream Pasqua Lake (Fig. 2) .
Whole-water and effluent samples were prepared for stable isotope analysis following the procedures of Jones et al. (2004) . In brief, liquid samples were passed sequentially through GF/C glass-fiber filters and 0.45-mm pore membrane filters before freeze-drying completely to a solid residue at 0.1 Pa. This dry matrix includes dissolved organic and inorganic (nitrate, nitrite, ammonia) sources of N. Experimental alteration of pH within the range 6.0-10.5 revealed that the d 15 N signal of dissolved substances was insensitive to alkalinity of stream water, and hence potential loss of volatile NH 3 . In contrast, POM samples for d 15 N analysis were isolated from GF/C filters (above) with forceps after complete drying of filters at 40uC. Similarly, periphyton samples were collected by scraping the algal matrix, usually containing filamentous chlorophytes and diatoms, from rocks collected in 0.1-0.25 m of water with clean bristle brushes. Excess water was removed, and concentrated periphyton suspensions were freeze dried before isotopic analyses. Finally, stream and littoral lake sediments (,0-10-cm burial depth) were collected by Fig. 1 . Map of the drainage basin of the Qu'Appelle River, Saskatchewan, Canada. Under natural conditions, flow arises near Eyebrow Lake and passes through Buffalo Pound, Pasqua, Echo, Mission, Katepwa, Crooked, and Round Lakes. Last Mountain Lake and Wascana Lake drain into the Qu'Appelle River via Last Mountain and Wascana Creeks, respectively. In addition, water is transferred into the catchment from the Lake Diefenbaker reservoir and is occasionally forced into Last Mountain Lake during the spring discharge maximum. The City of Regina (pop. ,180,000) discharges tertiary-treated wastewater into Wascana Creek downstream of Wascana Lake, while urban wastes from Moose Jaw (pop. ,45,000) are diverted entirely from surface waters during most years.
Ekman grab sampler from 0.1-0.25 m of water, homogenized, and freeze-dried before quantification of N isotope content.
Historical changes in the d 15 N content of whole sediments from Qu'Appelle lakes were quantified by isotopic analysis of annually resolved cores collected in 1995, as well as from a new core collected from Wascana Lake in 2004. Detailed procedures for core collection, estimation of sediment age, and sediment storage are presented in Hall et al. (1999a,b) , Dixit et al. (2000) , and Quinlan et al. (2002) . Briefly, sediments were collected by freeze corer and were analyzed for radioisotope activity ( 210 Pb) to establish core chronology. However, for the Wascana Lake reservoir, sediments were collected by piston corer, and ages were estimated as a linear function of burial depth and time since final reservoir inundation (1931) , as marked by the presence of terrestrial plant roots in basal core sediments. Finally, a series of 62 gravity cores were collected from a predetermined grid within Pasqua Lake to quantify spatial variability of N and C isotopic ratios within the uppermost 10 mm of profundal lake sediment. In all cases, isotopic analyses were conducted on freezedried whole sediments.
Stable isotope content of all samples was quantified following Savage et al. (2004) . All isolated samples were redried completely at 40uC before analysis and ,2 mg dry mass were packed into tin capsules before combustion in a NC2500 Elemental Analyzer (ThermoQuest, CE Instruments) and introduction of gases into a Thermoquest (Finnigan-MAT) Delta Plus XL isotope ratio mass spectrometer. Nitrogen and carbon stable isotope ratios (precision 6 0.1%) are reported in the conventional d notation with respect to atmospheric N (d 15 N) or organic C reference material (d 13 C).
Historical changes in algal abundance and gross community composition since ca. 1800 were quantified previously by analyzing fossil algal pigment concentrations in annually resolved cores of sediments from all Qu'Appelle lakes except Diefenbaker (Hall et al. 1999a,b; Dixit et al. 2000) . Briefly, concentrations of carotenoid, Chl and derivative pigments were estimated with Hewlett-Packard models 1050 and 1100 high-performance liquid chromatography systems following the standard procedures detailed in Leavitt and Hodgson (2001) . Biomarker concentrations (nmol pigment g 21 organic matter) were calculated for pigments characteristic of total algal abundance (Chl a, pheophytin a, b-carotene), siliceous algae and some dinoflagellates (fucoxanthin), mainly diatoms (diatoxanthin), cryptophytes (alloxanthin), chlorophytes (Chl b, pheophytin b), chlorophytes and cyanobacteria (luteinzeaxanthin), total cyanobacteria (echinenone), colonial cyanobacteria (myxoxanthophyll), Nostocales (canthaxanthin), and potentially N 2 -fixing cyanobacteria (aphanizophyll). In this high-performance liquid chromatography system, carotenoids from Aphanizomenon (aphanizophyll), Anabaena (4-keto-myxoxanthophyll) and the Oscillatoriaceae (oscillaxanthin) were incompletely resolved and were presented together as ''aphanizophyll'' (Hall et al. 1999b) . Similarly, lutein (chlorophytes, higher plants) and zeaxanthin (cyanobacteria) were not separated and are pre- sented together as lutein-zeaxanthin (''bloom-forming algae'').
Numerical analysis-Statistical analyses were restricted to simple linear regressions of predictor and response variables, following appropriate transformation (usually not needed) to normalize variance.
Lake-specific N mass-balance budgets were developed for Pasqua, Echo, Mission, and Katepwa lakes to determine whether these sequential basins ( Fig. 1) were capable of sequestering sufficient N through sedimentation to ameliorate effects of urban wastewaters. Details of our mass-balance approach and its assumptions are presented in Patoine et al. (2006) as the maximum net N fixation method and are reviewed briefly below. Unless otherwise noted, rate estimates for the summer sampling period (DOY 130-234) were calculated with mean values from the past 2-10 years.
Maximum net N fixation in Pasqua and Katepwa lakes was estimated from basin-specific estimates of standing stock of total N (TN) in spring and from changes in d 15 N-POM. This approach assumes that seasonal declines in d 15 N resulted solely from the inputs of atmospherically derived N 2 with an isotopic signature (#0%) distinct from that other local N sources (,10-15%; Patoine et al. 2006) . Relative rates of N 2 fixation (as % TN inputs) for Echo and Mission Lakes, sites that lacked detailed isotopic data, were interpolated from measurements of Pasqua Lake (0% TN fixed) and Katepwa Lake (41% TN fixed). Nitrogen loss through sedimentation was computed for each lake using previously published, lake-specific estimates of permanent sediment accumulation (g cm 22 yr 21 ) and N content of sediments (% dry mass) (Hall et al. 1999a,b; Quinlan et al. 2002) and lake area (km 2 ). Nitrogen loss through river outflow was estimated as the product of mean concentrations of TN standing stocks (mg N L 21 ) and mean outflow river discharge rates (m 3 s 21 ). In contrast, N gains through river inflow were estimated directly from mean measurements of TN concentrations (mg N L 21 ) and river inflow rates (m 3 s 21 ). Other unmeasured inputs of N were estimated by mass difference so that total gains (N 2 fixation, river inflow, other sources) and losses (sedimentation, outflow) were balanced for each lake.
Finally, a modified version of the two-box mixing model of Tucker et al. (1999) was used to estimate the proportion of N in Pasqua Lake derived from the City of Regina following Savage et al. (2004) . However, to avoid bias associated with unmeasured differences in N isotope ratios among individual pools of dissolved (nitrate, nitrite, organic) and particulate N (POM, periphyton), calculations were based mainly on sedimentary d 15 N values from Pasqua Lake and unimpacted headwater sites. In this approach, we assumed that the average d 15 N of filtered effluent after tertiary treatment in 2002 (16.2 6 2.0%) was representative of all urban N loading during the 20th century, as suggested by direct comparison of dissolved d 15 N values after primary, secondary, and tertiary wastewater treatment (see below). We further assumed that background d 15 N values were ,6.5%, the value recorded in organic lake sediments from Pasqua Lake before European colonization, sedimentary d 15 N signals of headwater reference lakes during the 20th century (Last Mountain, Buffalo Pound, Wascana), and in periphyton and POM samples from Wascana Creek upstream of the Regina STP outfall. However, because d 15 N of the principal inputs to the model (effluent, background, impacted lake sediment) varied 1-2% among years or sites (see below), output of mixing models was also presented as a range of estimates calculated using extreme values for each model parameter (e.g., effluent range 14.2-18.2%).
Results
Transport of urban N-Stable isotope ratios and elemental composition of filtered wastewater exhibited consistent variation among years, but were unaffected by the degree to which effluent had been treated (Fig. 3) . On average (6SD), d 15 N values were 3.9 6 1.5% greater in 2002 than in 2001, although intra-annual variation was equally great in both years. Similarly, d 13 C was enriched an average of 6.4 6 3.2% in 2002 relative to the preceding year, whereas elemental ratios of dissolved C : N were generally low (1-3, by mass) and variable in both years. Despite relatively high variation within individual years, effluent analyses revealed no evidence of pronounced seasonal cycles in isotopic signatures or elemental composition of dissolved materials (Fig. 3) . In contrast, d 15 N of dissolved materials in Wascana Creek immediately downstream (,4 km) of the STP outfall showed obvious seasonality, with depleted values (,2-5%) during winter, and early spring and elevated (,12-22%) signatures thereafter (Fig. 4a) . Although dissolved d 15 N values varied (Fig. 4b) .
Enriched N isotopes from the Regina STP rapidly labeled the dissolved N pool within Wascana Creek (Fig. 5a ). Dissolved d 15 N values ranged 0.2-11% (mean 6 SD 7.5 6 2.6%) at sites upstream of the STP (dashed line), but increased by an additional 10-15% immediately downstream of the effluent outfall. In general, the degree of enrichment was greatest in midsummer, when creek flow was low (Fig. 4b) and composed mainly of urban wastewater. Similar patterns of enrichment were noted for periphyton (Fig. 5b) , although substantial downstream enrichment with 15 N was not recorded until nearly 100 km downstream of the STP. Maximal isotopic ratios of POM were delayed even further, usually reaching greatest values at locations within Pasqua Lake (.150 km; Fig. 5c ). Although d 15 N signatures of periphyton (6.3 6 2.4%) and POM (5.5 6 2.2%) were similar at stations upstream of the STP, POM was less enriched (8.1 6 5.5%) than periphyton (13.0 6 6.1%) at downstream locations within Wascana Creek and the Qu'Appelle River (Sta. 5-8; 50-150 km from STP). Similarly, there was little enrichment of sediment substrates within either Wascana Creek (Sta. 3-4) or the Qu'Appelle River. Instead, only the littoral sediments of Pasqua Lake revealed elevated d 15 N values (9.9 6 2.3%) relative to those at stream headwater locations (Fig. 5d ).
Historical changes of sedimentary d 15 N-Sedimentary d 15 N increased from background levels of ,6.5% before 1900 to ,14.0% during the 1990s at Pasqua Lake, the first basin downstream of the City of Regina (Fig. 6a) . In contrast, upstream reference lakes not receiving urban effluent either declined ,1% during ca. 1925-1950 (Last Mountain, Buffalo Pound), or remained stable during the 20th century (Wascana). Sediments in lakes downstream of Pasqua Lake also exhibited significant enrichment with 15 N, although the extent of d 15 N increase declined along a gradient from west to east (Fig. 6b) . Most of this reduction occurred within the central chain of four ''Fishing Lakes'' (Pasqua, Echo, Mission, Katepwa), such that the sedimentary d 15 N signature of easternmost Round Lake exhibited little historical change since 1850 (Fig. 6b) and had a modern isotopic signal characteristic of headwater basins (Fig. 6c) . Consistent with this observation, mass-balance calculations (Table 2) showed that 41-80% of TN inputs to the Fishing Lakes were retained in the sediments of each basin, while biological fixation (d 15 N #0%) added 0-41% of TN inputs to each basin.
Spatial analysis of surficial (0-10 mm) sediments within Pasqua Lake suggested that isotopic signatures were consistently elevated (12.5 6 1.5%) in deep-water regions (.8 m) of the eastern half of the lake, but were depleted to ,7% in shallow portions (,4 m) of western subbasins (Fig. 7) . For example, sedimentary d 15 N exhibited values characteristic of upstream riverine sediments (Fig. 5d) throughout the westernmost basin of Pasqua Lake, a region of ,2 m depth, low organic matter content (,4% total C) and low concentrations of fossil pigments (data not shown). In contrast, enriched d 15 N (Fig. 7a) and d 13 C values (Fig. 7b) were recorded for littoral sediments of the south shore of the central basin (,104.00uW). Here, repeated Ekman grab samples contained virtually nothing but large (10-15 cm), disarticulated bivalve shells (species unknown), suggesting that benthic deposits had been modified extensively by burrowing fauna. However, despite inhomogeneities associated with shallow waters, sedimentary isotopic values for both C and N varied by only ,1% throughout much of the profundal region. Regina STP to Wascana Creek (Fig. 8a) . Overall, variability around the linear regression was greatest at elevated N loadings, suggesting that the data could also be fit with a parabolic function whose asymptote was equivalent to the d 15 N signature of wastewater N. Alternately, variation around the regression may have arisen from inter-annual changes in effluent d 15 N signature (Fig. 4) or from variable dilution within streams (Fig. 3a) during recent decades of elevated urban N loading (Fig. 5) . Regardless, historical changes in the abundance of bloom-forming chlorophyte and cyanobacterial algae in Pasqua Lake (as luteinzeaxanthin) were linearly correlated with both urban N loading since ca. 1880 (log transformed; r 2 5 0.46, p , 0.0001) and with changes in sedimentary d 15 N since ca. 1800 (Fig. 8b ), but not with historical inputs of P from cities or farms (Hall et al. 1999b) . Similarly, total algal abundance (as b-carotene) has increased nearly 300% in Pasqua Lake relative to levels seen before intensive European colonization (Fig. 8c) . As was the case with sedimentary d 15 N values (Fig. 6b) , large historical changes in total algal abundance were limited to the Fishing Lakes chain (,104.0uW).
Analysis of sedimentary stable isotope ratios using a twobox mixing model showed that inputs of urban wastewater accounted for an average of 71.1% of total ecosystem N in Pasqua Lake, the first site to receive wastewater from the City of Regina. This proportion was based on the assumptions that tertiary-processed effluent had a consistent d 15 N signature of 16.2 6 2.0% (Fig. 3) , that background d 15 N values were ,6.5 6 1.0% (Figs. 5, 6 ), and that modern isotopic ratios in Pasqua Lake have averaged 13.4 6 0.9% since 1975 (Fig. 6c) . The approach also assumed that the d 15 N of effluent was assimilated into organic (particulate) matter without substantial fractionation, as confirmed by comparison of mean d 15 N values of dissolved N (13.0 6 4.8%) and periphyton (14.4 6 5.3%) in rivers downstream of the STP outfall, and of dissolved N (11.7 6 2.8%) and POM (mainly algae; 10.5 6 4.1%) values within Pasqua Lake. Similarly, using extreme values for each model parameter produced a range of potential N contributions from urban sources of 46.7-100% of total ecosystem N. However, despite such large proportions, these estimates may underestimate the importance of urban N because the mixing models do not include estimates of biological fixation of atmospheric N 2 , which is depleted (#0%) relative to other N inputs ).
Discussion
Analysis of stable isotope ratios in water, periphyton, POM, and sediment demonstrated that N within tertiarytreated urban wastewater was effectively transported to downstream lakes (Fig. 5) , where it resulted in a 300% increase in lake production (Fig. 8) . Although 15 N-enriched effluent (Fig. 3) labeled pools of dissolved N, periphyton and, secondarily, POM in flowing waters by 10-15% (Figs. 4, 5) , urban N was not incorporated into stream sediments (Fig. 5d) , suggesting that lotic ecosystems stored little N from wastewaters. Instead, sedimentary d 15 N signatures and fossil pigment concentrations in downstream Pasqua Lake, but not three upstream reference ecosystems, increased as a linear function of the TN released to lake-inflow streams by the City of Regina (Fig. 8) . However, the effect of urban effluent declined rapidly in a chain of downstream lakes (Figs. 7, 8 ) because up to 80% of N inputs were sequestered permanently within sediments of each lake basin (Table 2) . Together, these patterns demonstrate that although urban N can directly degrade water quality, these prairie lakes can eliminate downstream effects of urbanization through storage of wastewater N in their sediments (see also Dixit et al. 2000; Quinlan et al. 2002) .
Transport of urban N-Isotopic and elemental characteristics of urban effluent varied little as a function of the degree of wastewater treatment, despite exhibiting modest temporal variability within and among years (Fig. 3) . In general, d 15 N values of dissolved N were similar to those recorded for effluent from other STP that use chemical precipitation to remove P (Bedard-Haughn et al. 2003) . In these treatment systems, isotopic enrichment of N arises mainly from ammonia volatilization and denitrification during sewage collection and processing, whereas increased d 13 C values may reflect C-4 plant material in wastes or the presence of carbonates (,0 to 210%). Similarly, low C : N ratios are consistent with the chemical treatment process to remove excess P and C, but not N. Presently, N outputs from Regina are at an all-time maximum, whereas P loading to Wascana Creek is similar to levels recorded in the 1930s (see fig. 2f in Hall et al. 1999b) .
Interannual variability in effluent isotope values likely arose from changes in source material composition, as d 15 N values were not enriched further after secondary or tertiary treatment (Fig. 3) . As shown elsewhere (Heikoop et al. 2000; deBruyn et al. 2003; Gaston and Suthers 2004) , these organic fractions can exhibit low 15 N content relative to that of dissolved inorganic N, and can lead to low d 15 N values of whole effluent when organic N is a high proportion of TN levels (e.g., primary-processed sewage). Similarly, newer BNR technologies can increase d 15 N values of effluent to over 30% (e.g., Savage et al. 2004 ). However, BNR processes are not used by the City of Regina, and therefore the (Fig. 4a) . Such variability should be common in many north-temperate lotic ecosystems receiving effluent and likely arise from several simultaneous processes. First, effluent d 15 N values may have been diluted by inputs of depleted N from background sources, such as inorganic fertilizers (,0%) that are usually lost from upstream farmland during snow 1975-1995. melt and the spring river-discharge maximum (Fig. 4b) . Second, because dissolved organic matter (as dissolved organic carbon [DOC] ) concentrations are typically greatest in Wascana Lake immediately near ice-out (,200% mean summer DOC; Table 1 ) and because this lake serves as the source of creek water above the STP, seasonal variations in organic N flux may have influenced d 15 N signatures of the dissolved N pool within the creek. Finally, TN output from the STP varies twofold among months as a result of variability in wastewater volume and raw sewage N content (City of Regina unpubl. data) and thereby alters the relative importance of urban inputs to the overall N budget of Wascana Creek.
Regardless of the precise mechanism that produced low d 15 N values during spring, isotopic ratios of dissolved N during the remainder of the year were similar to those of processed wastewater. In fact, application of a two-box mixing model using d 15 N values of dissolved N in upstream water (6.8 6 3.6%), effluent (16.2 6 2.0%), and creek water 4 km downstream of the outfall (14.8 6 2.6%) (Fig. 5a ) revealed that urban N accounted for ,85% of total stream N during summer 2002, similar to proportions (,80%) recorded by urban engineers on the basis of TN content of Wascana Creek during October 2004 (City of Regina unpubl. data). In contrast, mixing models suggest that urban N accounts for less than 10% of TN content during spring, consistent with mass balances based solely on effluent volume and hydrologic discharge (Fig. 4b) . Such high seasonality of isotopic signatures is rarely recognized in ecological or hydrological studies of N flux, yet can significantly alter outcomes of mixing model analyses.
Comparative analysis of the N isotope contents of dissolved, periphytic, suspended particulate, and sedimentary N pools suggested that these prairie rivers do not permanently store nitrogenous wastes from cities (Fig. 5) . Instead, lotic ecosystems apparently act as effective conduits of urban N to downstream ecosystems (Fig. 6) . Without quantification of the TN content of each particulate and dissolved pool, it remains difficult to evaluate the relative importance of individual pathways of N transport to Pasqua Lake. However, analysis of spatial patterns of d 15 N suggested that N flow into lakes is mainly through dissolved and periphytic vectors. For example, d 15 N values of dissolved N were usually greatest immediately downstream of the STP, whereas maximal 15 N content of lotic periphyton and POM were recorded 50-100 (Fig. 5b) and 75-100 km (Fig. 5c ) downstream of Regina, respectively. Such sequential patterns of enrichment, combined with the observation that mean d 15 N signatures of stream periphyton (13.0 6 6.1%) were greater than those of POM (8.1 6 5.5%) downstream of Regina, suggest that urban N was rapidly accumulated into periphyton, but not suspended matter. Further, because periphyton is removed each year by scouring in spring (e.g., irregular presence during DOY 165-192 in Fig. 5b ), and because enriched N isotopes do not accumulate in lotic sediments (Fig. 5d) , we infer that wastewater N is transported efficiently to downstream lakes.
Overall, there was little evidence of substantial net fractionation of N isotopes during transportation within lotic ecosystems. Previous studies have variously shown that uptake of NO 3 and NH 4 by algae, NH 3 volatilization, and denitrification in stream sediments may substantially alter isotopic ratios of dissolved and organic N pools (reviewed in Waser et al. 1998; Robinson 2001; BedardHaughn et al. 2003) , particularly when dissolved N concentrations are in excess of biotic demands. However, although periphyton d 15 N values were slightly lower (6.3 6 2.4%) than dissolved N values (7.5 6 2.6%) upstream of the STP, suggesting a preferential uptake of 14 N by benthic biota, this pattern was not evident in downstream samples (13.0 6 6.1%, 13.1 6 5.1%, respectively), despite a fivefold increase in TN concentration (see above). Similarly, although volatilization of NH 3 would be expected to increase d 15 N of dissolved inorganic N by over 10%, maximal enrichment of dissolved N was recorded near the STP, with reduced values in the lower reaches of Wascana Creek and in the Qu'Appelle River (Fig. 5a) . Part of this decline undoubtedly reflects mixing of enriched Wascana Creek water with 15 N-depleted water from the Qu'Appelle River headwaters (see below) and might compensate partly for enrichment associated with loss of NH 3 . However, the Table 2 . Mean N mass balance for the Fishing Lake chain of the Qu'Appelle Valley, Saskatchewan, calculated for DOY 137-233 following Patoine et al. (2006) . Nitrogen inflow and outflow was estimated as the product of total N (TN) concentrations 2003 (except Katepwa Lake 1994 -2003 and river discharge (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) . Maximum net N 2 fixation was estimated from seasonal changes in d 15 N-POM (1994 N-POM ( -2003 and initial TN standing stocks. Inputs of N unrelated to N 2 fixation or inflow (''other inputs'') were estimated as [total outputs 2 (N fixed + N inflow)]. Nitrogen sedimentation was estimated as mass accumulation rates 3 %N content, [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] short transit time of water in these lotic ecosystems, usually ,3 weeks from Regina to Pasqua Lake, likely reduced the importance of NH 3 volatilization relative to discharge as the main export process for the creek. confluence with Wascana Creek, such as can occur in other agricultural catchments (Anderson and Cabana 2005) . First, analysis of sedimentary N isotopes from Buffalo Pound Lake, the immediate source of water for the Qu'Appelle River (Fig. 1) , showed that d 15 N values declined 1% during the 20th century to values (6.4 6 0.4%) typical of unenriched systems, including other undisturbed headwater lakes (Fig. 6a) , Wascana Creek upstream of the STP (7.5 6 2.6%; Fig. 5a ), and POM collected from Wascana Lake during summers of 1996-2004 (5.5 6 2.0%; Patoine et al. 2006) . Second, d 15 N values of dissolved substances within Wascana Creek usually declined downstream of the river confluence (.50 km; Fig. 5a ), especially during spring and early summer when discharge was greatest (Fig. 4b vs. Fig. 5a ). Finally, urban wastes from Moose Jaw have been entirely diverted from the Moose Jaw Creek tributary of the Qu'Appelle River (Fig. 1) (Fig. 8) . Overall, the degree of isotopic enrichment and effects on Pasqua Lake were similar to those recorded for other effluent-impacted lakes (Teranes and Bernasconi 2000; Ogawa et al. 2001; Renberg et al. 2001 ) and estuaries (Risk and Erdmann 2000; Voss et al. 2000; Kauppila et al. 2005) , especially those in which algal growth is limited by N supply. As in many prairie lakes (Barica 1987) , concentrations of dissolved P are elevated in Qu'Appelle Valley systems (Table 1) , reflecting the naturally high P supply from regional soils (Klassen 1989; Kenney 1990) . As a result, N : P ratios are often low in downstream lakes (Soranno et al. 1999) , especially in late summer, and N 2 -fixing cyanobacteria are both presently (Graham 1997; Patoine et al. 2005 ) and historically abundant in Qu'Appelle lakes (Hall et al. 1999a,b; Dixit et al. 2000) .
Profundal sediments of Pasqua and downstream lakes were likely enriched with 15 N because algal growth is Nlimited during summer (Hall et al. 1999b; Dixit et al. 2000; Patoine et al. 2005) and because organic matter sedimentation accounts for 41-80% of all N export from these lakes ( Table 2) . Consistent with such an algal-transport mecha- 1875-1995, and (b) as a predictor of past changes in the abundance of bloom-forming algae (chlorophytes, cyanobacteria; as nmol fossil lutein-zeaxanthin g 21 organic matter) during 1780-1995. (c) Total algal abundance in Pasqua Lake (as ubiquitous fossil b-carotene at 104.0uW) increased up to 300% above values recorded from sediments that predated substantial European activity (i.e., ca. 1800-1880). Contour lines were interpolated between lakes using distance-weighted least-squares regression in SYSTAT v. 10. Results from Wascana Lake (deepened in 1931) are not presented. nism, the d 15 N value of deep-water surface sediments (Fig. 7) was midpoint (12.8 6 1.5%) between mean signatures of POM (11.1 6 4.2%) and periphyton (14.7 6 5.0%) recorded during 2002 (Fig. 5) . Further, when it is recognized that invertebrate remains are common in Qu'Appelle sediments (Quinlan et al. 2002) , that zooplankton are 2-7% more enriched than POM , and that POM values during winter and early spring are often greater than those recorded during summer , we conclude that sedimentary N isotope ratios reflect the mean isotopic signatures of organic matter within the overlying water column (see also Teranes and Bernasconi 2000) . Although organic matter degradation can alter d 15 N values in sediments relative to water-column values (Voss et al. 1997; Lehmann et al. 2002) , such transformations do not appear to have been important in Pasqua Lake, much like results from other eutrophic lakes (Lehmann et al. 2004a,b) .
Effective sequestration of N by Qu'Appelle lakes rapidly attenuated the effects of urban effluent on water quality in downstream lakes (Figs. 6, 8) . For example, although the abundance of total (Fig. 8c ) and bloom-forming ( Fig. 8b ) algae had increased ,300% in Pasqua Lake since 1900, inferred production of Echo Lake rose only 50-100% over the same period, whereas no unique effects of wastewater could be identified for Katewpa Lake, the fourth basin in the Fishing Lakes chain. Such rapid mediation of urban effects is also evident in the fossil diatom (Dixit et al. 2000) and chironomid (Quinlan et al. 2002) records from these lakes, and is consistent with the removal of 41-80% of inflow N by each sequential basin (Table 2 ). In contrast, mean N isotope ratios in sediments from 1975-1995 declined only 40% over the same spatial scale (Fig. 6c) , possibly reflecting inputs of atmospheric N via biological fixation (d 15 N ,0%). For example, in the absence of fixed N, isotopic signals would be expected to be similar in all Fishing Lakes, mainly because sites share ,90% the same catchment area (Dixit et al. 2000) . However, assuming that a linear gradient of net N 2 fixation exists between Pasqua (no fixation) and Katepwa Lakes (,41% of TN inputs) (Table 2) , sedimentary isotope ratios would be expected to decline from 13.4 6 0.9% (Pasqua), through 11.5% (Echo) and 8.4% (Mission) to background levels (,5%) by Katepwa Lake as a result of sequential dilution of lakewater N with atmospheric N. In general observed isotopic signatures were greater than expected in Echo (13.4 6 0.5%), Mission (10.0 6 0.3%) and Katepwa Lakes (8.1 6 0.5%), suggesting either that rates of N 2 fixation were less than the maximum predicted (see Patoine et al. 2006) , that 14 N was lost via NH 3 volatilization or denitrification, or that 15 N may be entering the lakes, possibly from small urban centers (e.g., Fort Qu'Appelle between Echo and Mission Lakes) or from internal sources (Table 2) . Although further research will be required to resolve this issue, it remains evident that the spatial scale over which urban effects can be detected differs among fossil pigments (two lake basins) and stable isotopes (.4 basins).
Sedimentary d 15 N signatures varied relatively little since ca. 1800 in the three reference lakes (Buffalo Pound, Last Mountain, Wascana) and demonstrated that changes in regional climate and development of European-style landuse practices did not greatly alter N cycles within headwaters of the Qu'Appelle catchment. Rusak et al. (2004) show that sedimentary d 15 N can increase ,5% during decade-long droughts, while the addition of farm fertilizers can either increase (Anderson and Cabana 2005) or potentially reduce d 15 N of surface waters a similar amount, depending on whether 15 N-enriched manure or isotopically depleted inorganic N is added to fields (Bedard-Haughn et al. 2003) . In addition, development of intense blooms of N 2 -fixing cyanobacteria may also reduce sedimentary d 15 N in some highly eutrophic lakes (e.g., Brenner et al. 1999) . Unfortunately, because drought frequency has declined in Saskatchewan since 1900 (Rusak et al. 2004) , because cyanobacteria are common in our reference systems (Hall et al. 1999a) , and because most prairie farmers began using chemical fertilizers (d 15 N ,0%) (Fig. 6a) .
Management implications-Combined use of stable isotope analyses, paleolimnology, and whole-lake mass balances revealed that urban N degraded water quality of P-rich prairie lakes. Although lotic ecosystems did not appear to store or transform N from cities, sequential lake basins rapidly eliminated urban effects by sequestering N in their sediments, such as occurs in wetlands or storm-water retention ponds (e.g., Gerke et al. 2001) . As indicated below, we believe that these patterns will be common to other P-sufficient lakes and, taken together, allow us to make specific recommendations to watershed managers.
First, our analyses suggest that improvements in water quality are linked to reductions in N influx when lakes are replete with P from natural or anthropogenic sources. Nitrogen limitation of algal growth in Qu'Appelle lakes is indicated by the high abundance of N 2 -fixing cyanobacteria (Graham 1997; Patoine et al. 2005 ) even before European colonization (Hall et al. 1999a,b; Dixit et al. 2000) , low N : P ratios in downstream lakes (Table 1) , bottle bioassay analyses during summers 1994 (Graham 1997 ; P. R. Leavitt unpubl. data) and high importance of fixed N relative to TN influx in downstream lakes (Table 2 ; Patoine et al. 2006 ). Further, P seems not to regulate algal production in these lakes, as indicated both by empirical models that consistently overestimate summer Chl a concentrations on the basis of dissolved P content in spring (Table 1 ; see Campbell and Prepas 1986) , and by the observation that diversion of .70% of total P input to Pasqua Lake since 1976 has not reduced algal abundance measured by both long-term monitoring studies (Chambers 1989; Soranno et al. 1999 ) and paleoecological analyses (Hall et al. 1999b; Dixit et al. 2000) . Taken together, these patterns suggest elimination of urban N sources should be the first priority for ecosystem management and that substantial improvements in water quality are expected even though Pasqua Lake is naturally eutrophic (Hall et al. 1999b) .
Second, we propose that sewage treatment processes should be upgraded to modern microbial methods if receiving lakes are replete with P. Such BNR procedures remove up to 90% of total dissolved N load through denitrification (Savage et al. 2004) . Concerns that concomitant reductions in N : P ratios of effluent will unduly promote blooms of toxic cyanobacteria are probably unfounded for several reasons. First, populations of colonial cyanobacteria are common in all Qu'Appelle lakes regardless of effluent inputs (McGowan et al. 2005; Patoine et al. 2005) . Second, Microcystis and other potentially toxic cyanobacteria are already abundant in Pasqua Lake, likely reflecting the naturally low N : P ratios (Table 1) . Finally, prior analysis of fossil pigments reveals that the abundance of potentially N 2 -fixing cyanobacteria has increased approximately fivefold since 1950 (Dixit et al. 2000) , despite a fivefold increase in N : P after onset of tertiary wastewater treatment in 1976 ( fig. 2f in Hall et al. 1999b) . Instead, our analyses show that a 90% reduction in urban N should decrease algal abundance up to 300% (Figs. 6b,  8c ), as well as improve the oxygen content of profundal waters (Quinlan et al. 2002) . Further, because BNR processes also provide better P removal from wastewaters than do many strictly chemical approaches, improved effluent treatment is also expected to reduce production of P-limited or N-P colimited algae.
Third, we suggest that watershed managers clearly inform special-interest groups concerning the degree of water quality improvement expected for each lake. For example, paleolimnological analyses show clearly that algal abundance will decline most in Pasqua Lake (Fig. 8c) , the first basin to receive urban effluent, but that there is little change expected for Mission or Katepwa Lakes, sites only two basins downstream. Further, because mass-balance analyses suggest that internal sources of N may account for 22-55% of TN inputs to the water column (''other'' in Table 2 ), managers should indicate that recovery of lakes may occur on decadal timescales, such as occurs in P-limited lakes recovering from eutrophication (Battarbee et al. 2005) .
Finally, we suggest that improved water quality will result from N diversion in other P-sufficient ecosystems, including those receiving diffuse sources of N. Although effects of terrestrial N on water quality are well documented for estuaries and other N-limited marine environments (e.g., Voss et al. 2000; Savage et al. 2004) , recent evidence also suggests that nutrient supplements have saturated the capacity of agricultural soils to retain P, greatly increased terrestrial export of P to lakes, and have created severe Nlimitation that favors blooms of cyanobacteria in lakes (e.g., Bennett et al. 2001; Foy et al. 2002) . These patterns are especially well developed in lowland Europe (e.g., Ireland, the Netherlands, Denmark) where soil P content is often elevated and where concern over fluxes of N has resulted in European legislation to reduce nitrate loading to surface and ground waters. Under such P-rich conditions, we hypothesize that historical changes in water quality may be more closely linked to influx of N than of P, such as has been suggested by preliminary analyses of sedimentary stable isotopes, pigments, and algae from lakes within P-saturated landscapes (e.g., Bunting et al. 2005) .
In conclusion, measurement of N transport to and storage in eight lakes linked by the Qu'Appelle River demonstrated that N from urban wastewaters was effectively transported to downstream lakes (Fig. 5) , where it resulted in a 300% increase in algal production (Fig. 8) . Analysis of spatial patterns of d 15 N within dissolved N, periphyton, POM, and sediments revealed that urban N was not stored or substantially transformed within lotic ecosystems. Instead, sedimentary d 15 N signatures and fossil pigment concentrations increased in Pasqua Lake as a linear function of urban N flux, although the effects of urban effluent declined rapidly in a chain of downstream lakes and were absent from three reference ecosystems. Together, these patterns demonstrate that although urban N can directly degrade water quality, sequential basins can eliminate downstream effects of urbanization through storage of wastewater N in their sediments.
